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GaN Monolithic Bidirectional Switch: A Review 
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Abstract— This article systematically reviews the roadmap 
of GaN-based monolithic bidirectional switches, which play a 
critical role in AC power conversion. Three different monolithic 
integration categories are summarized. The first category is 
GaN HEMT with embedded diode bridge; the second approach 
utilizes reverse conducting and blocking capabilities of GaN 
devices; the third approach takes advantage of the unique fea- 
ture of GaN HEMT to create a dual-gate bidirectional switch. 
Moreover, the variations based on the dual-gate structure 
are also thoroughly considered. The device parameters of the 
abovementioned methods have been analyzed, and the on-state 
energy loss has been evaluated. The commercial GaN-based 
bidirectional switches have also been compared with silicon- 
based counterparts, showing higher operation voltage, lower 
on-state resistance, and higher current capability. This article 
presents a comprehensive review of the state-of-the-art GaN 
bidirectional switch technology, which will provide insight into 
the research and design. 


Index Terms—-GaN HEMT, Bidirectional Switch, Mono- 
lithic Integration, Power Device 


|. INTRODUCTION 


N recent years, the AlGaN/GaN High Mobility Tran- 

sistor (HEMT) has turned out to be a promising wide 
band-gap semiconductor device. Due to the large band gap 
and the high critical electric field of GaN material, GaN 
HEMT can operate at high voltage levels with a large 
power density and a low on-resistance [1], [2]. Previous 
studies have investigated the application potential of 
GaN devices under high-temperature environments [3]- 
[5]. The high thermal conductivity of GaN can improve 
the heat dissipating ability, which is beneficial to reduce 
the heat sinks [6]. These superior features could enhance 
device efficiency while reducing overall size, making GaN 
devices ideal for power conversion applications. Therefore, 
GaN-based power switches have been thoroughly studied 
and vastly adopted across various fields, such as DC-DC 
buck converters [7]-[9]. In recent years, GaN bidirectional 
switches have also begun to attract extensive research 
interest. With the lateral structure, AlGaN/GaN HEMT 
utilizes the 2DEG channel and avoids the body diode 
thus facilitating the switching applications, for those that 
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TABLE I 
DIFFERENT METHODOLOGIES FOR BIDIRECTIONAL SWITCHES. 
Approach Advantage Disadvantage 
Si MOSFET Low Voltage Offset Low Voltage Tolerance 
SiIGBT High Power / Voltage Bde Ric 


Parasitics / Losses 
Large On-resistance 
SiC MOSFET _ High Power / Voltage Expensive 
Body Effect 


No Body Effect 
Small Chip Area 
High Switching Speed 


GaN HEMT Relative Expensive 


require bidirectional conducting and bidirectional blocking 
capabilities. Expected features of such devices include a 
fast switching speed, a high blocking voltage, a low on- 
resistance, and a low voltage offset (Von). 

There are several methods to realize a bidirectional 
switch through discrete devices, such as Si-based Metal 
Oxide Semiconductor Field effect transistors (MOSFET), 
Insulated Gate Bipolar Transistors (IGBT)) and SiC 
MOSFET. As illustrated in Table I, the Silicon-based 
MOSFET, IGBT, SiC MOSFET, and GaN HEMT ap- 
proaches possess their respective advantages and disadvan- 
tages [10]. Among the abovementioned methods, IGBTs 
play a pivotal role, where the bidirectional switch topology 
consists of two anti-parallel IGBTs and two blocking 
diodes [11]. At least four discrete devices are needed to 
realize the function. Such device configuration results in 
a lengthy current path, increased parasitic parameters, 
and a high V,,. Moreover, the series connection of two 
unidirectional power devices increases conduction losses 
and doubles the total on-resistance compared to a mono- 
lithic bidirectional device. To overcome the shortcomings 
of discrete devices, there have been a number of researches 
that focus on the monolithic approach [12]-[14]. Driven 
by the pursuit of high efficiency and high power density, 
GaN-based bidirectional switching devices are obtained 
via monolithic integration, which minimizes the size of 
switches and enhances system efficiency. 

This paper gives a comprehensive review of the device 
structure and performance of a monolithic GaN-based 
bidirectional switch. Section II presents the three most 
common monolithic integrated methods of GaN bidirec- 
tional switch, they are GaN HEMT embedded with diode 
bridge, reverse conduction and blocking bidirectional GaN 


HEMTs, and dual gate devices. Section III compares the 
three different types of GaN bidirectional switches’ device- 
level parameters, on-state energy losses, and different 
application scenarios. Lastly, the comparisons between 
the monolithic GaN bidirectional switch product and its 
silicon counterparts are summarized. 


Il. TOPOLOGIES OF GAN BIDIRECTIONAL SWITCHES 


The bidirectional switches obtained via monolithic 
integration have been classified into three categories 
based on the device topology. To prevent damage un- 
der faulty device turn-on and circuit failure, all the 
reviewed bidirectional switches are Enhancement mode 
(E-mode) or normally-off devices. The E-mode_ op- 
eration could be achieved using recessed-gate metal- 
insulator-semiconductor high-electron-mobility transistor 
(MIS-HEMT) or p-type gallium nitride (p-GaN) gate 
structures. The complexity of the device structures and 
their corresponding driver control designs have also been 
discussed in this section. 


A. GaN HEMT with Embedded Diode Bridge 
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Fig. 1. (a) Equivalent circuit diagram, and the cross-section view of 


the embedded diode bridge bidirectional switches with (b) recessed 
gate MIS-HEMT structure [12] and (c) p-GaN gate structure [13]. 


(a) (b) (c) 


Fig. 2. The operation principle of embedded diode bridge structure 
[12]. (a) Reverse turn-on mode. (b) Forward turn-on mode. (c) Off 
mode. 


Fig. 1 demonstrates the GaN bidirectional switch with 
a diode bridge structure comprising four SBDs and one 
HEMT. The bidirectional switches incorporate monolithic 
integrated Schottky barrier diodes (SBDs), which can be 
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implemented through both recessed gate MIS-HEMTs [12] 
and p-GaN gate approaches [13]. The devices on the 
commercial p-GaN platform exhibit superior threshold 
stability due to the elimination of the gate etching process 
from recessed gate MIS-HEMT fabrication. Specifically, 
with the series connection of the diode, HEMT, and 
diode, the cathode of the first diode can be combined 
with the source electrode of the HEMT. As a result, the 
diode bridge topology has been further simplified. Fig. 
2 illustrates the forward and reverse conduction current 
paths. This structure requires only one gate control hence 
employing a relatively simple driver design. However, the 
current still needs to pass through two SBDs and one 
HEMT during the conduction, which causes a relatively 
high offset voltage V,, that may degrade the conduction 
efficiency. 


B. GaN HEMT with Reverse Conducting/Blocking 
Capabilities 
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Fig. 3. The reverse blocking/reverse conducting HEMT (RB/RC- 
HEMT) based bidirectional switch. The cross-section view and 
equivalent circuit diagram of (a) MIS-HEMT based RB-HEMT [14], 
(b) MIS-HEMT based RC-HEMT [15] and (c) p-GaN gate HEMT 
based RB-HEMT [16]. 


(a) G1 (b) G1 


Fig. 4. The operation principle of ( ) RB-HEMT and 


(c) (d) RC-HEMT. 


In AC-related applications, the reverse blocking capa- 
bility for bidirectional switches is essential. Two anti- 
parallel GaN HEMTs with reverse blocking capabilities 
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can be utilized as the bidirectional switch. The objective 
of design lies in the trade-off among a high reverse blocking 
voltage, a low Vo,, and a low Ro,. Extensive research has 
been focused on the engineering of the drain nodes to 
improve the reverse blocking capability [17], [18]. Fig. 3 
(a) shows the GaN bidirectional switch that adopts a MIS 
Field Effect Drain (MIS-FED) architecture in place of the 
conventional drain electrode. This MIS-FED integrates 
the MIS structure into the drain area, allowing the device 
to conduct only when the drain area is at a voltage that 
can recover the 2DEG channel underneath the MIS-FED. 
Fig. 3 (c) demonstrates the widely adopted Schottky drain 
structure based on p-GaN HEMTs. 

Nevertheless, the reverse blocking configuration in a 
bidirectional switch will bring the offset voltage Von 
that reduces the conduction efficiency. Consequently, an 
alternative bidirectional switch architecture that utilizes 
the reverse conducting mechanism has been developed. 
As shown in Fig. 3 (b), the reverse conducting MIS- 
HEMT (RC-MISHEMT) employs the SBD structure lo- 
cated between the Schottky electrode and the AlGaN 
layer. As a result, this structure corresponds to a MIS- 
HEMT in parallel with an SBD that is turned on for 
reverse conduction, and a complete bidirectional switch 
function comprises a reverse series connection of two such 
devices [14] [15]. 

The operational principles of RB-HEMT and RC- 
HEMT as bidirectional switches are illustrated in Fig. 4, 
respectively. When one of the two gates is connected to a 
voltage below the threshold voltage (V;;,), the current path 
in this direction is shut. Furthermore, when both gates are 
connected to voltages below V;;,, the device enters the off 
state. And a maximum breakdown voltage in [16] could 
achieve 664 V and -651 V. 


C. Dual Gate GaN Bidirectional Switch 
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Fig. 5. The cross-section view and equivalent circuit diagram of 
Dual gate GaN bidirectional switch (a) MIS-HEMT [19] and (b) p- 
GaN gate [20], [21]. 


The third category of the bidirectional switch consists 
of a single device with a dual gate structure. Unlike the 
first two types of bidirectional switches, the third type can 
achieve a complete bidirectional switching function using 
a single device. As shown in Fig. 5 and Fig. 6, this type 
of bidirectional switch has garnered significant attention 
in AC applications. 

Fig. 5 (a) and (b) illustrate devices with a dual 
gate structure of common drain configuration. Although 


TABLE II 
OPERATION PRINCIPLE FOR DUAL GATE BIDIRECTIONAL SWITCH [20] 


Veisi Veaos2 Mode 
OFF OFF OFF-State 
ON ON ON-State 
ON OFF Diode Mode 
OFF ON Diode Mode 


their gate structures are different, the equivalent device 
structure diagrams are identical. The control signals on 
each gate need to be relative to the correspondent source 
signal. Fig. 5 (a) [19] utilizes the MIS structure with a 
recessed gate to deplete the 2DEG [22]. Meanwhile, Fig. 
5 (b) employs the p(Al)GaN gate structure to deplete the 
2DEG [21]. Morita et al. first present the development 
of a bidirectional switch using p-GaN Gate injection 
transistor (GIT) technology [20]. The operation principle 
for the GaN dual gate device is summarized in the 
TABLE II. Guacci et al. further explain the principles 
of the p-GaN GIT dual gate bidirectional switch using 
an equivalent circuit diagram [23]. Moreover, Ueno et al. 
[24] investigate the effect of substrate termination during 
on-state operation. 

Apart from the abovementioned primary dual gate GaN 
bidirectional switches, this structure has been further 
improved by researchers. He et al. [25] proposes a dual 
gate structure with a field plate structure. To improve the 
breakdown voltage, the device size and chip size have been 
reduced, and the parasitic effects and the system efficiency 
and reliability have been improved. Furthermore, Zhao et 
al. [26] introduce a bidirectional switching device that has 
substrate potential management capability. This device 
consists of a control node, a first power/load node, a 
second power/load node, and a primary substrate and 
incorporates a nitride-based bi-lateral transistor. A sub- 
strate potential management circuit is implemented to 
regulate the potential of such a primary substrate. The 
resulting device can maintain a stable substrate potential 
in both directions when conducting current. 

1) Self-Reverse-Blocking Dual-gate Bidirectional Switch: 
Apart from Fig. 5 (a) and (b), the dual gate device can 
also be in the depletion mode (D-mode) [27]. Despite its 
similar dual gates and substrate structure, it is not widely 
used due to its negative threshold voltage. Nevertheless, 
the current collapse test conducted on the D-mode dual 
gate device can still provide valuable insights for the 
design of bidirectional switches. Fig. 6 presents a variation 
to such as dual gate structures. Specifically, it builds 
upon Fig. 5 (b) by integrating a Si-based low-voltage 
Schottky diode between ”G2” and ”S2”. This design allows 
for implementing a self-reverse-blocking function without 
introducing additional complexity to the driver design [28]. 

2) Common Source/Drain GaN Bidirectional Switch: Fig. 
7 (a) incorporates a reference voltage node in the common 
drain area. This modification transforms the device from a 
4-terminal to a 5-terminal device, which evolves different 
control and operation techniques for specific converter 
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Fig. 6. The cross-section view of self-reverse-blocking dual-gate 


bidirectional switch with Si-based Schottky diode [28]. 


applications [29]. The Fig. 8 demonstrates the layout for 
the abovementioned dual-gate structures. It can be seen 
that for the same voltage-blocking capability, the common 
drain/source structure will increase the device area due to 
the symmetrical drift region for both sides. Consequently, 
the most compact design should eliminate the middle 
reference node so that the common access region can be 
shared. 
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Fig. 7. The common source bidirectional structure with source elec- 
trode in the middle, the E-mode operation is realized by (a) recessed 
gate MIS-HEMT structure [30] and (b) p-GaN gate structure. 


Tae 


Fig. 8. The device layout for (a) dual gate, (b) common drain and 
(c) common source topologies a GaN bidirectional switch. 


For the driver design of dual gate GaN bidirectional 
switch, Fig. 9 distinguishes the differences in the driver 
control for the dual-gate bidirectional switch and _ its 
variations. The floating driver ICs are connected to re- 
spective source nodes and need to be isolated. Nagai et 
al. [31], [32] propose an isolated Drive-by-Microwave gate 
driving module for the dual-gate bidirectional switch. The 
driver provides isolated gate power and signals through 
2.4 GHz microwave wireless power transmission. It also 
incorporates a self-closing signal output rectifier that 
maintains low power consumption even at high switching 
frequencies. With two PWM signal inputs, the driver can 
effectively control the two gates of the devices. The driver 
also features low power consumption, high speed, fast 
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propagation delay, and large common-mode suppression, 
making it very suitable for driving high-speed power 
devices in bidirectional switch applications. 


(a) 


Floating Gate 
Driver IC 


Fig. 9. The device layout for (a) dual gate, (b) common 
drain/source, and (c) self-reverse-blocking bidirectional switch. 


II]. PERFORMANCE ANALYSIS OF THE GAN 
BIDIRECTIONAL SWITCH 


A. Device Level Parameters and On-state Energy Loss 
Analysis 

Table III presents a comparison of device parameters 
for bidirectional switches, including implementation, on- 
state offset voltage (Von), threshold voltage (Vin), break- 
down voltage (BV), on-state resistance (Ron), maximum 
load current (Iamaz), and reverse leakage current. The 
structure described in [12] exhibits the best BV capability 
among the listed devices. The increased distance between 
the drain and gate, effectively lowers the electric field 
between the common drain region, enabling the device to 
withstand higher voltage. As a result, it exhibits superior 
breakdown voltage compared to the double gate devices 
described in [20] [21]. 


\ 


Quasi-Ohmic 
Characteristics 


Large Von 
High On-state Loss 


Fig. 10. V-I characteristics of (a) the bipolar voltage blocking and 
unidirectional current conduction, with a large Von. (b) bidirectiona 
conduction capability that has a quasi-ohmic (small Von) feature, (c 
integrated active synchronous rectification with quasi-ohmic feature. 


In the previous section, three types of bidirectional 
switches are discussed, and it is essential to assess their on- 
state energy consumption [34] by considering its on-state 
offset voltage (V,,,). From Ueno et al. [24], the reduction of 
the V>, could reduce the on-state resistance which further 
cut down the on-state energy loss. This means the on- 
state resistance Ro, is positively correlated to on-state 
offset voltage Von [35]. In the case of conduction, for an 
embedded diode bridge bidirectional switch, the Vo, is 
the sum of the on-state offset voltage of two cascaded 
diodes, corresponding to 0.56 V * 2 [13]. For reverse- 
blocking bidirectional switches (Fig. 3 (a)) and reverse 
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TABLE III 
THE DETAILED DEVICE PARAMETERS OF THE REVIEWED GAN MONOLITHIC BIDIRECTIONAL SWITCHES. 


Reference Method Von (V) Vin (V) BV (V) Ron/Ronsp  Tdmax (mA/mm) Reverse leak current (mA/mm) 
Diode Bridge 
2015 [13 MIS-HEMT 1.12 1 861/-946 vi 120 (Vq@ = 12 V) / 
2021 [12 p-GaN 1.13 1.84 1105/-1115 / 140 (Vg =7V) 1.6e~4 (Vg, = -100 V) 
Reverse Conducting /Blocking 
2017 [14 TCAD 0.38  41(5.A) 950/-900 (10 pA) / / / 
2017 [15 TCAD 0 7.6 (5 A)  500/-500 (100 pA) / / / 
2021 [16 p-GaN 0.63 1.85 664/-651 (1 pA/mm) 309%mm 225 (Vg = 7 V) le~4 
Dual Gate 
2007 [20 GIT 15 1 650 3.1 mOQ*cm? / / 
2017 [19] TCAD MIS 3.55 / 500/-500 / 1200 (Ve = 10 V) / 
2018 [21 GIT 15 0.5 900/-900 2.5 mQ*cem? / / 
2022 [33 D-mode / -3.6 1129/1063 / 475 /375 le~4 


conducting bidirectional switches (Fig. 3 (b)), the Von 
is determined by the turn-on voltage of a single diode. 
For example, the V,, of reverse-blocking bidirectional 
switches is 0.38 V [14], while the V,,, of reverse conducting 
bidirectional switches is 0.63 V [16]. It is worth noting that 
n [14], the Von of reverse-blocking bidirectional switches 
tends to be slightly lower than that of reverse conducting 
switches. Regarding dual gate bidirectional switches, the 
Von is typically determined by the voltage required for 
unidirectional circuits to conduct [35], and it is commonly 
observed when one gate is on while the other gate is 
off to exhibit diode characteristics. The V,, of dual gate 
bidirectional switches ranges from 1.5 V in [20] and [21] 
to 3.5 V in [19], which also strongly correlates with the 
fabrication process. As for the dual gate device with 
reference gate voltage, its Von is generally similar to that 
of a device without a reference voltage; however, process 
optimization can reduce it to 0.35 V [30]. 


B. GaN Bidirectional Switch for AC Applications 


In a conventional DC-AC conversion system, the T-type 
inverter is responsible for bidirectional operation. This is 
an extension of the half-bridge topology [21], as illustrated 
in Fig. 11 (a). Nonetheless, T-type inverters have several 
notable issues, such as high conduction loss and parasitic 
effects, which lead to slow switching speed and substantial 
voltage oscillations during switching transitions [86]. 

With regard to AC-AC conversion systems, The voltage 
level of the bidirectional switch is the main determinant 
of the upper power limit of the matrix converter, and the 
switching loss of the bidirectional device is the vital factor 
for the efficiency of the matrix converter [37] [38]. There- 
fore, with high-voltage blocking capability, fast switching 
speed, and high conversion efficiency [39], applying GaN 


bidirectional switches to AC-AC matrix converters could 
reduce the total cost and size of the system [14] [16] [40], 
[41]. 


(a) 


Fig. 11. (a) T-type inverter topology, which is an implementation 
of bidirectional switch [21]. (b) The AC-AC matrix converter with 
bidirectional switch array [42]. 


In Fig. 11 (b), matrix converters generate output volt- 
ages with different amplitudes and frequencies by control- 
ling the duty cycle of bidirectional switches [42] [37]. the 
bidirectional switch array is the primary power element 
to create a variable output voltage system at the desired 
frequencies. [42]. The AC-AC power conversion system 
can find vast applications, especially in motor drives. 
The increased interest in power efficiency accelerates 
the research of AC-AC matrix converters. The loss and 
power capability are the critical factors for the system’s 


efficiency, which could benefit from the advantages of 
GaN bidirectional switches. For example, the AC-AC 
conversion in a three-phase matrix converter combines 
the generation and motoring function with a set of nine 
bidirectional switches. It eliminates the need for energy 
storage components in the DC link and enhances system 
efficiency and reliability [40]. It has also been applied in 
fast charging and energy feedback to the grid in electric 
vehicle charging. The device can find further applications 
in solid-state circuit breakers to enhance system safety 
and reliability [41] [43]. 


Load 
1kQ 
Bidirectional 
Ve Swich 
(a) (b) Time (us) 
Fig. 12. (a) The circuit diagram for AC chopping test for the 


bidirectional switch. (b) The desired waveforms for the AC chopping 
circuit. 


In order to verify the functionality of the bidirectional 
switch, the AC chopping test in Fig. 12 (a) is the most 
common measurement setup. one or more driver signals Vg 
will be applied periodically to the DUT depending on the 
bidirectional switch topology. Fig. 12 (b) demonstrates the 
desired output waveforms for the AC chopper. The DUT 
should block the voltage and current for both polarities; 
such implementation can be found in numerous reports 
that are summarized in Table IV. 

Table IV comprehensively compares the operating sce- 
narios and relevant parameters for five published GaN 
bidirectional switches in AC/AC converters. Shi et al. 
[44] demonstrated the highest peak-to-peak input voltage 
amplitude of + 200 V for the GaN bidirectional switch, 
indicating its high breakdown voltage. This characteristic 
makes the bidirectional switch suitable for AC/AC fre- 
quency conversion in high-voltage and multi-frequency ap- 
plications. Furthermore, the bidirectional switch achieved 
a conversion efficiency of 90.5% at a low power level of 
250 W and exceeded 98% at a high power level of 1 kW. 
Another noteworthy achievement was reported by Wang 
et al. [12], which indicates that an input signal of 60 Hz is 
converted to an output signal of 5 kHz, which meets the 
demand for AC-AC matrix converter applications. 


C. The Comparison with Silicon counterparts 


Table V primarily compares the product parame- 
ters of commercial GaN-on-Si and Si-based bidirectional 
switches. It can be observed that commercial GaN-on- 
Si bidirectional switch devices possess certain advantages 
over pure Si-based bidirectional switch devices, specifically 
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in terms of high load current, high drain-to-source voltage, 
and low on-state resistance. Notably, the commercial GaN 
bidirectional switch device presented in [45] demonstrated 
a peak drain-to-source current of 20 A, which surpasses 
the best-performing Si-based device in Table V [50] that 
exhibited 7 A. Moreover, the Vi, max in [46], [47] is as 
high as 120 V, which is superior to the best-performing 
Si-based bidirectional switch [49] with 32 V. Additionally, 
the on-state resistance recorded in [45] was as low as 4 
mQ, representing a significant improvement compared to 
other Si-based bidirectional switch devices. These results 
illustrate that a commercial GaN bidirectional switch is 
capable of tolerating higher input voltages and currents 
while reducing losses through low on-state resistance. 
Lots of patents [54]-[58] for GaN bidirectional switches 
have been published, which implies that plenty of GaN 
bidirectional switch products will be commercialized. 


IV. CONCLUSION 


In conclusion, this review article analyzes and compares 
three different monolithic bidirectional switch designs 
based on GaN technology. Each design’s structural char- 
acteristics, operating principles, and device performance 
parameters are thoroughly discussed. The results provide 
valuable insights and guidance for the development and 
selection of GaN-based bidirectional switches. Further- 
more, a comparison between GaN-based and Si-based 
bidirectional switches is presented to demonstrate the 
exponential advantages of GaN technology in terms of on- 
resistance. This review summarizes the monolithic GaN- 
based bidirectional switch from the device’s point of view 
to provide guidance in power electronics applications. 
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